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I. INTRODUCTION

P
OLARIZATION mode dispersion (PMD) is of great interest because of its noticeable pulse broadening effect on systems of 10 Gb/s and higher. Testing optical systems on field fiber to observe PMD degradation is a time consuming and expensive process. Optical systems designers must take PMD into account when designing next-generation systems. PMD is a major limiting factor of high speed systems because it cannot be compensated by increasing the signal power.
Emulation of PMD allows one to recreate the behavior of an optical field fiber in the laboratory. Many groups have demonstrated PMD emulators [1] - [5] based on randomly varying the coupling between polarization-maintaining fiber (PMF) sections or birefringent crystals. The emulator we present [6] takes this one step further, from others' work, by randomly varying the birefringence of each fiber squeezer in a biased manner to track the dynamics of PMD in time and allows for different cable types to be emulated. A probability density function (pdf), similar to the one presented in [7] , is used to create the biased changes. A fiber squeezer model is derived to accurately model the birefringence changes of the emulator. The system impact of the dynamic PMD emulator (DPMDE) is compared to a classic PMD emulator. Throughout this letter, we refer to PMD emulators that do not exhibit time dynamics as classic emulators. Fig. 1 shows a block diagram of the PMD emulator. The PMD emulator consists of 12 polarization controllers, each of which has three fiber squeezers. A PMF section is placed after each controller to allow changing differential group delay (DGD) via varying the birefringence induced by each fiber squeezer. The PMF sections are of different lengths to reduce the periodicity of the emulator. The polarization controllers are made up of piezoelectric fiber squeezers [8] gence. The maximum and minimum applied voltages on each fiber squeezer are calibrated to provide a 0 and 2 rotation of the state of polarization (SOP) on the Poincaré sphere, respectively. The physical length of a PMF is linearly related to its DGD. The lengths of the PMF sections (and hence the DGD) were chosen using a Gaussian pdf [1] . The mean DGD (PMD) of the DPMDE was found to be 25.65 ps. The total polarization dependent loss (PDL) was 0.35 dB and the insertion loss was 4.4 dB.
II. DYNAMIC EMULATOR THEORY AND EXPERIMENT
A pdf was used to determine how to change the birefringence for each of the 36 fiber squeezers. It is described by the following conditional transition probability with is the magnitude of DGD that corresponds to making a 2 rotation on the Poincaré sphere. Given the current value of , the transition probability density value of is (1) The width of the pdf is . is the current time. To account for a time evolution step of , we allow each of the birefringence sections to update with every realization. This is the key difference of this emulator from a classical PMD emulator which randomly varies each polarization squeezer to cover the whole Poincaré sphere. The DPMDE will cover the whole sphere if given enough time. One must remember that complete coverage of the Poincaré sphere does not mean that every (or even most) DGD transitions have occurred. The dynamic behavior is controlled by the time evolution step ( ) and the pdf width ( [7] ).
To model the PMD emulator, we modify the fiber wave-plate model [9] where we assume a fiber can be described by a randomly coupled concatenation of PMF sections. A classical PMD emulator uses polarization controllers with rotating mechanical fiber wave plates to change the mode-coupling angle between the PMF sections. The DPMDE uses polarization controllers consisting of squeezers to change the birefringence. We assume that the polarization controller is made up of three PMF sections at constant specific coupling angles. The angles correspond to the physical makeup of the polarization controller. The polarization controller has a small amount of PDL and PMD. This is negligible when compared to the PDL and PMD of the PMF sections. For a polarization controller squeezer to change the SOP it squeezes the fiber and changes the fiber birefringence. This can be modeled by just changing the birefringence value of the PMF section corresponding to that of the squeezer. This is equivalent to changing the length of the PMF section. Fig. 2 (left) shows the "random walk" of a field fiber. Fig. 2  (center) shows the output of the emulator. It randomly fills the Poincaré sphere because a very large pdf width ( ) was chosen. This is equivalent to a classic emulator. When a smaller pdf width is chosen, Fig. 2 (right) shows the "random walk" in action. All plots show 1 min of PMD dynamics. The Stokes parameters were collected at 10-ms intervals using a polarimeter [7] . Fig. 3 shows a DGD histogram of the emulator with a Maxwellian fit. A test set based on the well-known Jones matrix method was used to collect DGD values at a fixed wavelength over time. Fig. 4(a) shows a fit of the emulator and the model ( ) of SOP angular nearest time correlation. The emulator was set to a fixed value and update rate was set to 10 and 20 ms, respectively. The SOP data was sampled at the same rate and an arc-length calculation was performed (see [7] for details). The model was made up of the same number of PMF sections and polarization controllers as the DPMDE. PDL was not considered in the model. Good agreement can be observed between the model and the DPMDE. The DPMDE experiments were conducted several days apart and show excellent agreement. Fig. 4(b) shows the same thing, but with the SOP more decorrelated ( ). III. SYSTEM IMPACT PMD emulators are built to investigate the impact of PMD on optical transmission systems. A commercial 10-Gb/s test set was used to test the DPMDE. Bit-error-rate (BER) fluctuations caused by PMD emulators have been investigated before [10] , [11] . The experimental setup consisted of 10-GB/s Tx, DPMDE, attenuator, and 10-Gb/s Rx in series. A pseudorandom bit sequence (PRBS) of was used for all tests. The attenuator was used to reduce the power to 18.4 dBm. This introduced errors in the 10 range. Instantaneous BER data was collected from the test set at 100-ms intervals.
The DPMDE was set to a high pdf width. This causes the algorithm to behave like a uniform random distribution. Thus, the DPMDE behaves the same as a classical PMD emulator. The DPMDE was set to an update rate of 10 ms. A 1000-s test was performed. The test was then repeated at 20 ms. In this case, was kept constant but the interval time between updates ( ) was used as a scaling factor. The same voltages were applied to the polarization controllers of the DPMDE as the previous test. The only difference is the slower update rate. This resulted in a 2000-s test. Error in the test length is due to the control computer not using a real-time operating system (OS). The results of these tests can be seen in Fig. 5(a) . There is good agreement between the 10-and 20-ms test which shows that the emulator exhibits good repeatability.
The same test was duplicated for the dynamic case by setting a pdf width of for each polarization controller. Fig. 5(b) shows how the DPMDE behaved at update rates of 10 and 20 ms. The same transitions were used in both cases. A more correlated distribution was obtained; this is expected as the algorithm used to generate the transition is correlated. Good repeatability is observed.
A BER standard deviation stability test (see [10] for details) was performed and can be seen in Fig. 6 . There is very little difference between all of the cases. The back-to-back case is linearly decreasing. In the presence of PMD, the standard deviation stability is slightly larger but also linear. This is contrary to the results presented in [10] . We believe this is because our emulator has very fast transitions when compared to the experimental times of 1000 and 2000 s, respectively. Fig. 7 shows a comparison of the BER obtained from the classical emulator and the DPMDE. The main body of the distribution, in both cases, is mainly due to Gaussian distributed detector noise (back-to-back). The DPMDE causes less BER degradation when compared to the classical emulator in this case. This is because the DPMDE is in a favorable phase space for low BER. However, the DPMDE can wander into an area of high DGD and over short time periods cause more severe BER degradation than a classical emulator. This emulator could be directed to regions of high and low PMD with proper calibration.
IV. CONCLUSION
A PMD emulator that tracks the PMD dynamics of a field fiber has been demonstrated. Reasonable agreement with tracking of SOP and PMD is obtained by both the emulator and a model. The main advantage of this emulator is it allows outage probabilities to be tested on real systems because it accurately follows the temporal drift of the fiber [12] . The emulator was found to be very repeatable and thus could be used for repetitive high-order PMD testing.
